In the event of an improvised nuclear device or ''dirty bomb'' in a highly populated area, potentially hundreds of thousands of people will require screening to ensure that exposed individuals receive appropriate treatment. For this reason, there is a need to develop tools for high-throughput radiation biodosimetry. Gene expression represents an emerging approach to biodosimetry and could potentially provide an estimate of both absorbed dose and individual radiation-induced injury. Since approximately 2-4% of humans are thought to be radiosensitive, and would suffer greater radiological injury at a given dose than members of the general population, it is of interest to explore the potential impact of such sensitivity on the biodosimetric gene expression signatures being developed. In this study, we used wild-type mice and genetically engineered mouse models deficient in two DNA repair pathways that can contribute to radiation sensitivity to estimate the maximum effect of differences in radiosensitivity. We compared gene expression in response to a roughly equitoxic (LD 50/30 ) dose of gamma rays in wild-type C57BL/6 (8 Gy) and DNA double-strand break repair-deficient Atm -/-(4 Gy) and Prkdc scid (3 Gy) mutants of C57BL/6. Overall, 780 genes were significantly differentially expressed in wild-type mice one day postirradiation, 232 in Atm -/-and 269 in Prkdc scid . Upstream regulators including TP53 and NFjB were predicted to be activated by radiation exposure in the wild-type mice, but not in either of the DNA repair-deficient mutant strains. There was also a significant muting of the apparent inflammatory response triggered by radiation in both mutant strains. These differences impacted the ability of gene expression signatures developed in wild-type mice to detect potentially fatal radiation exposure in the DNA repair-deficient mice, with the greatest impact on Atm -/-mice. However, the inclusion of mutant mice in gene selection vastly improved performance of the classifiers. Ó 2018 by Radiation Research Society
INTRODUCTION
There is a perceived need to develop tools for highthroughput biodosimetry (1) to prepare for the possibility of accidental or intentional radiation events. This was clearly demonstrated in the 1987 radiation incident in Goiânia, Brazil, in which a medical radiation source was scavenged from an abandoned hospital and breached. Approximately 130,000 individuals were screened within the first days after discovery of the event, but only 20 of these people required hospitalization (2) . In the case of an improvised nuclear device (IND) or ''dirty bomb'' in a major city, potentially hundreds of thousands of people would require screening to ensure appropriate treatment for exposed individuals, and to help reassure the ''worried well'' (3).
Gene expression represents an emerging approach to biodosimetry, and could potentially provide estimates of both absorbed dose and the severity of radiation-induced injury. Several different model systems have been used for development of this approach. Human-based models have used peripheral blood or lymphocytes irradiated ex vivo (4-8), or blood from patients undergoing total-body irradiation prior to hematopoietic stem cell transplantation (8) (9) (10) (11) (12) . Mice have also been used as a model for elucidation of radiation-induced responses and construction of biodosimetric gene expression profiles (8, 10, (12) (13) (14) .
Through clinical experience and epidemiological studies of populations exposed to radiation, it has become apparent that some individuals have heightened radiation sensitivity, which may be at least partly due to genetic factors (15) (16) (17) (18) (19) . In fact, approximately 2-4% of the human population is estimated to be radiosensitive (20) . Alterations in important radiation response signaling pathways, including DNA repair pathways, are known to directly compromise the ability of an organism to tolerate radiation exposure, and can result in dire consequences for the irradiated individual.
Due to altered DNA damage response signaling, radiosensitivity may impact both the general gene expression radiation response and the performance of the biodosimetric signatures currently being developed based on gene expression.
In this study, we used wild-type mice (WT) and genetically engineered mutant mouse models, deficient in pathways that impact radiation survival, radiation signaling and DNA double-strand break (DSB) repair, to investigate the effect of DNA repair deficiency on the in vivo gene expression response to radiation. Non-homologous end joining (NHEJ) is one of the two major pathways for DSB repair. Mutation in the gene coding for DNA-PKcs (DNA-dependent protein kinase catalytic subunit, gene Prkdc) precludes NHEJ, severely impacting both immune cell development and survival after irradiation. In both humans and mice, such mutations result in severe combined immunodeficiency (SCID), a condition that is characterized by immunodeficiency and radiation sensitivity. The SCID mice have an LD 50/30 of 3 Gy, compared to an LD 50/30 of 8 Gy in the parental WT C57BL/6 mice (21). The ataxia telangiectasia mutated [(ATM) gene Atm] is a protein kinase crucial for DNA damage signaling and for DSB repair. Mutations in the ATM gene produce ataxia telangiectasia, which is characterized by neurodegeneration, a weakened immune system, increased cancer risk and radiation sensitivity. In this study, we used Atm -/-mice (also on a C57BL/6 background), which have an LD 50/30 of 4 Gy (22) . As an initial point of comparison, all genotypes were gamma irradiated with their respective LD 50/30 dose, representing equitoxic damage in a range relevant to triage and medical treatment. At 24 h later, which represents a time relevant for large-scale screening, whole genome gene expression was compared with that in nonirradiated controls.
The animal models used in this study represent a ''worstcase'' scenario, and should be viewed as an extreme example of radiation sensitivity. Both SCID and ataxia telangiectasia are rare and very serious medical conditions in humans, and represent severe radiosensitivity. Most radiosensitive members of the general population will not have full-blown DNA repair deficiency syndromes; however, study of these extreme models represents a first step in defining the maximum likely impact of DNA repair deficiency on gene expression after radiation exposure.
METHODS

Animal Studies
Wild-type (WT) C57BL/6 and Atm -/-mice (22) (21, 22) . An equal number of nonirradiated controls were used for each genotype. Mice were sacrificed 24 h postirradiation and blood was collected in PAXgenee blood RNA stabilization solution (BD Biosciences, San Jose, CA), frozen at -808C and shipped to Columbia University (New York, NY) for RNA isolation.
RNA Isolation and Whole Genome Gene Expression Analysis
RNA isolation, whole genome gene expression analysis and bioinformatics were performed as described elsewhere (13) . Briefly, RNA was isolated from the collected blood using the PAXgene Blood RNA kit (QIAGENt, Valencia, CA) and globin transcripts were depleted using the GLOBINcleare-Mouse/Rat Kit (Ambiont, Foster City, CA). RNA quality was assessed using the Agilent Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA) and samples with RIN 8.5 (average 9.1) were hybridized to Agilent Whole Mouse Genome Microarrays (4 3 44K v2) using the single-color workflow. The Agilent DNA Microarray Scanner (G2505B) was used to image the slides, and data was extracted from the images using the Agilent Feature Extraction Software version 9.1 with default settings. The full data set represented five animals in each dose-genotype group, with the exception of the WT controls and the Atm -/-irradiated group, which each had an additional sample. Study size (n ¼ 5) was selected to provide 90% power to detect twofold changes, based on an analysis of our previous mouse microarray data using the methods of Lee and Whitmore (24) .
The class comparison tool within BRB-ArrayTools was used to determine differential expression between irradiated and control animals for each genotype. Genes with P , 0.001 were considered statistically significant, and henceforth are referred to as ''regulated''. Multiple comparisons were corrected for using the BenjaminiHochberg false discovery rate (FDR) method to limit false discoveries to below 10% (25) . Full microarray expression data are available in the Gene Expression Omnibus (accession no. GSE99176). Independent validation of individual gene expression was not performed due to limited RNA. However, our prior experience has shown that commercial microarray technology is now very robust, and the general patterns of response in previous experiments agree well between microarray and qRT-PCR measurements. For instance, in our broadest validation study, 93% of 71 genes assayed confirmed the microarray response by qRT-PCR, with an overall correlation between the two sets of measurements of 0.96 (26) .
Class Prediction
We used the class prediction tool within BRB-ArrayTools to select genes and build predictors of radiation exposure status, and to test the potential impact of DNA repair deficiency on their performance. Training sets were defined, and the greedy pairs method (27) was used to select the 12 pairs of genes that best discriminated between control and irradiated samples in each training set. After feature selection, seven classification methods (compound covariate predictor, linear discriminant analysis, 1-and 3-nearest neighbors, nearest centroid, support vector machines, and Bayesian compound covariate predictor) were used with the selected feature sets to predict the irradiation status of the remaining samples. The percentage correct classification was calculated for each approach.
Gene Ontology Analysis
The DAVID bioinformatics resource tool (http://david.abcc.ncifcrf. gov/) was used for functional annotation of the transcriptional response (28, 29) . Up-and downregulated genes were imported and analyzed separately in DAVID version 6.7 using default settings. Statistical significance in DAVID is determined by comparing the proportion of regulated genes associated with a specific term with the fraction of all genes associated with the same term. Fisher's exact test was performed, and a Benjamini-corrected P value ,0.1 was used as the cut-off to determine statistically significant gene ontology or pathway terms.
Expression values of statistically significantly regulated genes were imported into the Ingenuity Pathway Analysis software (IPA; Ingenuity Systems, Redwood City, CA), which was used to predict potential upstream regulators of the transcriptional response and for pathway analysis. Additionally, IPA was used to construct networks for specific genes or targets. IPA uses previously reported experimental data to predict activation or inhibition of upstream regulators and for pathway analysis. In the IPA analysis, a P value cut-off of 0.05 was used, and when predicting activation or inhibition, a z-score 2 or -2 was considered statistically significant.
RESULTS
Differentially Expressed Genes for Wild-Type, Atm -/-and Prkdc scid Phenotypes
Wild-type, Atm -/-and Prkdc scid (SCID) mice were gamma irradiated with equitoxic absorbed doses (LD 50/30 doses of 8, 4 and 3 Gy, respectively). As shown in Table 1 and  Supplementary Table S1 (http://dx.doi.org/10.1667/ RR14862.1.S1), WT mice responded with both a larger number of statistically significant (P , 0.001; FDR , 0.1) genes (780 genes) compared to both Atm -/-(232 genes) and SCID (269 genes). Downregulation was more common than upregulation for all three phenotypes, but most pronounced in SCID (97%), followed by Atm -/-(87%) and the least pronounced in WT (67%) mice. The gene expression response in WT mice involved typical p53-regulated genes such as Bbc3 (up 3.4-fold), Cdkn1a (up 18-fold), Mdm2 (up 2.8-fold) and Phlda3 (up 6.5-fold). The response in Atm -/-and SCID mice lacked much of the typical p53-response pattern (although Cdkn1a and Phlda3 were upregulated 7.8-fold and 3.4-fold, respectively, in SCID) and involved fewer genes overall.
The numbers of radiation-responsive genes shared between different genotypes are shown in Fig. 1 . Wildtype mice demonstrated the highest proportion of genes not responding in either of the other phenotypes, with 469 genes (68%) significant only in the WT response. Ninety-six genes, representing 45% of the total response, were significant only in Atm -/-mice and 85 genes (35% of the response) were significant only in SCID mice. Two genes (Myo1d, Gapvd1) were radioresponsive in both Atm -/-and SCID, but not in WT mice. Both these genes showed stronger downregulation in SCID compared to Atm -/-, A total of 57 genes, all of which were downregulated, were differentially expressed after irradiation in all three genotypes (Fig. 1) . Generally, the response of these genes was strongest in WT mice, which also received the highest absorbed dose (8 Gy). SCID mice (3 Gy) generally demonstrated slightly stronger downregulation than Atm -/-(4 Gy), suggesting that individual sensitivity may also contribute to the response of some genes, in addition to absorbed dose.
Gene Ontology Analysis
The DAVID bioinformatics resource tool (28, 29) was used to find overrepresented GO terms and KEGG pathways among the responding genes. In all, 52, 16 and 17 terms were statistically significantly overrepresented (Benjamini-corrected P , 0.1) for the WT, Atm -/-and SCID phenotypes, respectively (Fig. 2, Supplementary Table S2 ; http://dx.doi.org/10.1667/RR14862.1.S2). Nine annotation terms (all related to ubiquitination and catabolism) were enriched among downregulated radiation-responsive genes in all three genotypes. Terms exclusively enriched among upregulated genes in WT mice (27 terms) were dominated by the p53 pathway, apoptosis and nucleic acid metabolism, suggesting a strong impact of both Atm -/-and SCID on these central radiation response pathways. Five annotation terms were significant only in the Atm -/-response (related to cell cycle and division, immune system development and hematopoiesis), whereas three annotation terms were exclusively enriched in SCID mice (functions related to acetylation, histone H3 and mitochondria.)
Differences in Radiation-Induced Inflammatory Pathways between WT, Atm -/-and SCID
We next used the upstream regulator analysis tool in IPA, initially focusing on upstream regulators with significant predictions of altered activity in response to radiation, having a z-score 2 or -2 in at least one genotype. Lipopolysaccharide, a general inducer of inflammatory response, had the highest z-score in WT mice, and the lowest in Atm -/-. We found that an additional 11 upstream regulators showed this trend of opposite directions of activity between the WT and DNA repair-deficient mice (Table 2A and Supplementary Table S2 ; http://dx.doi.org/ 10.1667/RR14862.1.S2). Most were predicted to be activated by radiation in WT and unchanged or suppressed in the mutant mice. These upstream regulators included TP53 and NFjB, but were predominantly molecules directly involved in inflammatory response (CSF2, IFNG, IL5, IL1B, IL6, IL21, IRF7). An additional 11 regulatory molecules related to inflammation were found to have a significant prediction of radiation activation or suppression in the WT and no predicted response to radiation in either of the mutant strains (Table 2B ). The data suggest that radiation affects the inflammatory response in the blood of WT mice, and that this response is greatly muted in both the Atm -/-and SCID phenotypes.
Impact of Impaired DNA Repair Pathways on Prediction of Radiation Exposure
We next used class prediction methods in BRB-Array Tools to test whether impairment of DNA repair influenced   FIG. 2 . Gene ontology analysis. The DAVID bioinformatics resource tool (28, 29) was used to find overrepresented gene ontology (GO) terms. GO terms with a Benjamini-corrected P , 0.1 were considered statistically significant. Only terms at GO level 2, 3 and 4 were included in the analysis. The color of a cell indicates a P value as in the key. Region A, representing significant processes among genes upregulated only in WT mice was dominated by the p53 pathway, apoptosis and nucleic acid metabolism. The exception here is the GO term ''immune response'', marked with an asterisk. This category was significantly enriched among upregulated genes in WT and among downregulated genes in Atm -/-. Region B, representing GO categories overrepresented among downregulated genes in all genotypes, was exclusive to functions of ubiquitination and catabolism. the ability of a gene panel to predict exposure to radiation. The greedy pairs method for feature selection was used to identify the 12 top-performing pairs of genes for discrimination between irradiated and control samples. Each genotype was used in turn as the training set for the gene selection process, and then the remaining samples were used as a test set. A fourth training set, comprised of two control and two irradiated samples from each genotype (the ''mixed'' set), was also tested. The use of the WT samples to build the classifier resulted in the poorest performance in classifying the Atm -/-mice, while classifiers constructed using the SCID and mixed training sets resulted in 100% correct classification of the test samples ( Table 3 ). The composition of the classifiers and summary of their performance are available in Supplementary Table S3 (http://dx.doi.org/10.1667/RR14862.1.S3).
DISCUSSION
In this study, we used male WT C57BL/6 mice and genetically engineered mouse models deficient in pathways known to impact radiation survival, radiation signaling and DSB repair (Atm -/-), and non-homologous end joining (Prkdc scid , acronym: SCID) to explore the potential effect of a The mixed training set used two irradiated and two control samples from each genotype.
RADIATION-INDUCED GENE EXPRESSION IN DNA REPAIR DEFICIENT MICE
DNA repair deficiency on the gene expression response to radiation and its implications for radiation biodosimetry. These genotypes were chosen to represent extreme disruption in two of the major DNA damage repair pathways, to delimit the greatest effect that deficiencies in these pathways would be likely to have on gene expression after irradiation. Individual variations in the efficiency of these DNA repair pathways within the general population would be expected to be much more subtle, presumably with a more subtle influence on biodosimetry.
Since the primary focus of this study was the potential impact of DNA repair pathway defects on biodosimetry end points, we examined gene expression at 24 h postirradiation, a time when first responders may be able to reach casualties, and when medical treatment could still be effective. Because it is known that the cascade of gene expression changes resulting from radiation exposure is both complex and temporally dynamic, in future studies it would also be of interest to compare the responses of these strains at later postirradiation times. This would enable assessment of the influence of early DNA damage signaling on later responses and determination of correlations between gene expression and late physiological manifestations of radiation toxicity.
As might be expected, the 24 h gene expression response in WT mice was marked by a prominent response of TP53-regulated genes such as Cdkn1a, Aen, Phlda3, Bbc3 and Mdm2. Furthermore, gene ontology (GO) analysis indicated p53 signaling was the top pathway among those enriched for upregulated genes in the WT mice, while it was not significantly enriched among genes responding in either Atm -/-or SCID. Similarly, IPA upstream regulator analysis predicted activation of the TP53 transcription factor only in WT mice. The response in both Atm -/-and SCID mice lacked this classic p53-related response, although some genes, such as Cdkn1a and Phlda3, were upregulated, although to a lesser degree, in SCID mice After DSB formation, ATM is known to phosphorylate p53, among many other substrates, and is required both for homologous recombination and for activation of the p53 signaling pathway (30) . The observed loss of the p53 response in Atm -/-mice is consistent with these expectations. DNA-PKcs also interacts directly with p53 after radiation exposure. It can bind to the promoters of p53 effector genes, including Cdkn1a, and modify gene expression response in a context-dependent fashion, possibly favoring apoptosis over cell cycle arrest (31) . Inhibition of DNA-PKcs in human cancer cells has been shown to delay and ablate the induction of MDM2 protein by gamma rays, which in turn alters the timing and magnitude of CDKN1A mRNA response (32) . In the current study, we found ablation of the p53 effector gene response in SCID mice compared to WT mice at the same time after exposure to equitoxic doses of radiation, consistent with a large effect of DNA-PKcs activity on the transcriptional activity of p53.
In addition to the p53 response, the majority of the upstream regulators predicted by IPA to be involved in the gene expression responses in this study were related to immune response or inflammation. Strikingly, all the significant predictions in this area were of activation by radiation exposure in WT mice and/or inhibition in Atm -/-or SCID (Table 2) . Inflammation is known to be a major component of the normal radiation response (33, 34) , and is mediated by regulation and release of cytokines such as tumor necrosis factor, interleukins and interferons (35, 36) . The effect of the different DNA repair genotypes on the inflammatory response to a LD 50/30 dose of gamma rays can be clearly visualized in network maps of the genes in the current study that were either upstream or downstream of IFNG (Supplementary Table S2 ; http://dx.doi.org/10.1667/ RR14862.1.S2). In SCID mice, no activation or inhibition of any of the interferons was predicted, and as seen in the IFNG pathway map, few radiation-responsive molecules were related to IFNG signaling. Similarly, in Atm -/-, a trend towards inhibition of IFNG was predicted, and the network map shows response of many downregulated genes, but no upregulated genes at all.
The observed lack of response of inflammation-related genes in SCID mice may be explained by the direct effect of Prkdc mutation on the immune system. Since DNA-PKcs is also required for V(D)J recombination, a critical process in the development of mature T and B cells, SCID mice lack functional lymphocytes and are severely immunocompromised. DNA-PKcs may also play a direct role in signaling through the NF-jB pathway after radiation exposure (37) (38) (39) .
Although ataxia telangiectasia patients generally retain a functional immune system, loss of ATM function can also have substantial and variable effects on both the cellular and humoral immune systems (40, 41) . In addition, ATM plays a direct role in regulating the expression of inflammatory cytokine genes through phosphorylation of several members of the NF-jB family, including RelA, NEMO, and IjB-a (38, 39, 42) . Our finding that the activity of many upstream regulators involved in inflammatory response appear to be suppressed below control levels in irradiated Atm -/-mice, may suggest these responses to DNA damage are even more severely dysregulated in Atm -/-than in SCID mice. Inflammation-related genes have often been proposed as biomarkers of radiation exposure, or for use in biodosimetric panels (8, (43) (44) (45) . Although immune and inflammation-related genes often dominate the gene expression responses seen after in vivo exposure, we have previously suggested caution against excessive reliance on such genes for radiation biodosimetry (11) . The initial concern was for possible confounding with generalized stress responses due to infection, burn, trauma or chronic inflammatory conditions. The current results suggest that individual differences in DNA repair capacity may also affect the response of these genes to radiation. While the extreme impairments of DNA repair considered here are rare in the human population, the effect of less extreme variations in genetic radiosensitivity on gene expression and inflammatory response deserves further study in the context of biodosimetry.
Despite the broad differences in gene expression responses, we were able to construct radiation classifiers that worked well for all genotypes. Overall, we found that classifiers built using only data from WT mice performed relatively poorly in mice with compromised DSB repair, especially in the Atm -/-mice. Training the classifiers using the Atm -/-samples provided some improvement, producing correct classification rates of 90% or better in the other genotypes, while training using either the SCID samples or a mixed training set representing two controls and two irradiated mice from each genotype, yielded 100% correct classification in the test sets for all genotypes. This finding suggests that making efforts to ensure that individuals representing a range of DNA repair capacities and radiation sensitivities are represented in biodosimetry development may eliminate some of the most confounded genes and is likely to lead to a more robust algorithm. We have shown that it is possible to reliably detect an LD 50 radiation exposure, even in mice with severely compromised DNA repair pathways. Further work will be needed to characterize the effect of both extreme and more subtle radiosensitivity on dose estimation, and to determine if physiological sensitivity translates as an apparent elevation in dose.
In future studies, it may be interesting to survey a panel of mouse strains with a broad range of mutations in these and other DNA repair pathways to identify genes with radiation responses that correlate directly with DNA repair capacity or residual chromosomal damage. A study of metabolomic responses to radiation in the same mouse strains is also underway, and it will be interesting to compare those results with the gene expression responses reported here.
CONCLUSION
In this study, we used WT mice and genetically engineered mouse models deficient in two different DNA repair pathways, Atm -/-(DSB repair) and Prkdc scid (nonhomologous end joining), in an initial investigation into the effect of DNA repair deficiency on the gene expression response to radiation in the context of biodosimetry. We found that ablation of DNA repair pathways has a substantial effect on gene expression and inferred downstream biological functions 24 h after exposure to equitoxic LD 50/30 absorbed dose levels. DNA repair deficiency showed a strong influence on inflammatory responses after irradiation. This may impair the performance of dosimetric signatures developed using only individuals of average sensitivity, suggesting that sensitive subpopulations need to be considered and included at the gene selection level to produce biodosimetric classifiers that are robust to variations in DNA repair capacity and radiation sensitivity. Table S1 . BRB-ArrayTools output of differentially expressed genes. Results for each genotype are in a separate tab. Table S2 . Gene ontology and network analyses. Tab 1: Annotation of Fig. 2 with gene ontology categories and terms, as well as actual Benjamini-adjusted P values for categories significantly over-represented among up-or downregulated genes in the different genotypes. Tab 2: An IPA-generated network for IFNG showing differential gene expression in the three genotypes. Table S3 . Tab 1: Composition of the classifiers trained using data from WT, Atm -/-, SCID or a mixed-genotype training set. Tab 2: Performance of the classifiers on the new samples in the test sets.
